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SUMMARY

A review is made of some of the experimental ]ata and recent anal-

yses applicable to predictiI_g void fractions with two-phase_ steam-water

flow through tubes and channels. An empirical eq_:a%ion is presented

that closely approximates experimentally measured void fractions in

terms of the fluid quality and the ratio of the density of the fluid

phases. Correlation of data is achieved over a r_:r_ge of fluid pres-

sures from i to over 13S atmospheres and fluid qu_lities from 0 to 1.0.

INTRODUCTION

In considering two-phase-flow pressure-drop problems it is neces-

sary to know the void fraction of the flowing flu il. Void fraction in

two-phase flow is generally defined as the vol_mle ratio of vapor to

total fluid, whereas the fluid quality is defined as the mass ratio of

vapor to total fluid. The void fraction cannot %c calculated directly

from the relation of the rai:io of vapor-to-liquid density and the fluid

quality_ as will be shown later hcrein_ because of the unknown local

ratio of vapor-to-liquid velocity (velocity slip ratio) in two-phase

flow. In addition, effects of void fraction distribution across the

tube cross section and possible hydrodynamic forces existing between the

liquid and the vapor bubbles also complicate the direct calculation of

void fraction from a dete_ination of the then.uod2namic quality.

In considering theoretical flow models for r_presenting void frac-

tions in two-phase flow_ some investigators have s ssumed that the fluids

are separated into two parallel conduits_ one liquid and one vapor or

bubbles. However_ experiments have shown that the two phases of a fluid

are neither completely interspersed nor completely separated into such

conduits. Even where stron_i mixing of the phases occturs, radial density

variations are observed. O_her investigators hav_ assumed that the two

phases are sufficiently well mixed that they flow as a single homoge-

neous fluid_ but that some radial gradients of de_ sity and other physical

properties exist in a direction normal to the f_ow.



Because of the difficult nature of the problem of describing the
homogeneity of the two-phase flow_ an empirical rather than theoretical
approach has been taken herein for determining void fraction.

A brief review is madeof someof the published void fraction data
for steam-water flow in tubes and channeis_ and pertinent theoretical
analyses are indicated. An empirical equation is then presented from
which void fraction values can be calculated that correlate closely with
experimental data over a fluid pressure range from i to over 13S atmos-
pheres and fluid qualities from 0 to 1.0.

BASICMODEL

For a flowing system the average void fraction _ for a unit tube
length large enough to include a representative sample of the fluid in
the tube can be written as:
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where A is the cross-sectional area for each phase and the subscripts

v and L denote vapor and liquid_ respectively. In terms of the

weight flow w through a tube, the cross-sectional areas occupied by

each phase at a specific station along the tube can be expressed by:

Wv WL Pv
=- and AL - ,_ _ =-
p_vv p_,vT, pT,

(2)

where p is the phase density_ V

density ratio of vapor to liquid.

expressed as:

is the phase velocity, and _ is the

The fluid quality x can then be

X --

w v w v

w wv + wL
(3)

and

Wv = _; _L = (l - x)w (_)



From the relations given by equations (i) t_)(4), the void fraction

can then be written as:
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The ratio of Vv/V L in equation (5) is generally called the two-phase

velocity slip ratio. It is primarily this unknown velocity slip ratio,

as well as effects of void distribution across tl_e tube cross section

and possible hydrodyn_nic forces existing betwem_ the liquid and the

vapor bubbles and not included in equation (5), d_at prevents the direct

calculation of void fraction from a determinatio_ of the thermodynamic

qual ity.

For two-phase flow, in which the velocity sJlL_ ratio is substan-

tially 1.0 (homogeneous mixture) and the effects of void distribution

and hydrodynamic effects are neglected, the void fraction can be cal-

culated simply by:

i (s)

Equation (6) for steam-water calculations yields void fraction values

higher by about i0 percent than those obtained experimentally in the

literature (refs. i to i0) for fluid qualities greater than 0.I, indica-

tive of the fact that at the higher qualities tw<)-phase mixtures are

substantially homogeneous and the velocity slip :'atio Vv/V L is actu-

ally near 1.0. For decreasing quality values le_s than 0.i the differ-

ences between the void fractions calculated with equation (6) and those

obtained experimentally become increasingly greater except, of course,

near zero quality. It would appear then that thc_ problem in the deter-

mination of the void fraction for two-phase pres:_ure loss calculations

is primarily confined to the low-quality regime.

A recent theoretical analysis concerned with the calculation of

void fraction is presented in reference i. Ther_in the two-phase flow

model is assumed to consist of a dispersion of w_z_y small bubbles in a

liquid. For such a model, steady-state transpor conditions for these

bubbles can be formulated, and, from these, complex expressions of the

radial variation in bubble concentration and mean fluid velocity can be

obtained. Since measurements of momentu_ and bubble diffusivities _o
substantiate such expressions are not available, reference i assumes a



power-law representation across a circular tube cross section for the
void fraction and the local velocity distribution in a single-phase
turbulent fluid. These power-law representations are given by:

= (y/a)l/nJ

(7)

where um and _t are the velocity and void fractions at bhe center of

a tube or channel whose radius is R; y is the distance from the tube

wall; and m and n are empirical positive exponents.

From a consideration of liquid and vapor mass-flow rates and these

power-law representations_ an equation is presented in reference i that

relates the average void fraction e to the mass fraction of the vapor

phase or @_ality x_ the ratio of the vapor-to-liquid density _ and a

flow parameter K as follows:

x

The flow parameter K is a function of m and n with a range of var-

iaSion from about 0.6 to i.O (ref. i).

It is further suggested in reference i that the void fraction dis-

tribution exponent n should be a function of fluid pressure_ since the

tendency for a vapor to concentrate in the center of a tube or channel

depends on the ratio of the densities of the fluid phases. Therefore,

pressure or density should have some effect on the flow parameter K.

Data of sufficient detail and refinement are not available to per-

mit an evaluation of the velocity and void fraction profiles in terms of

the necessary variables. Consequently_ an effort has been made to de-

velop an empirical equation similar to that obtained theoretically in

reference i (see eq. (8)) but including the concept that void fraction

is a function of the ratio of the densities of the fluid phases. Exper-

imenl_al data useful for developing such an empirical equation are con-

taincd in references £ to 7_ as well as being summarized in reference i.

Based on these data and considerabions_ the following empirical equation

was evolved:

!
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%na_ tile ratioThis equation is similar _o thab given in refer_nce 8 in _

of the density of the fl_lid phases appears with an exponent of _:_/S_but

differs in that the void fraction appears with _ variable expon_nlu that

is also a function of the ratio of the densigle_ of the fluid p}_ases.
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COMPARISON OF RESULTS FROM PRESEI'{T %_[ORK%_TH

EXPERIMZ_AL DATA AND O_KER _2,_YSES

A comparison of the calculated results obt_ined with the present

empirical equation (9) and those obtained with _he analyses presented in

references i_ 9, and i0 together with the exper:k_lents3 data of refer-

ences 2 to 7 are shown in figures i to 6. The _esults are shown as the

variation of void fraction with fluid quality f(_r various fluid pres-

sure values. It is seen that the present work represents the e_<peri-

mental data reasonably well over the entire rankle of the availal)J e data

including that for x '_ 0.i. For the most part the present wcrh is in

reasonable agreement w!th that of reference i. However_ the theoretic_£

equations used in reference i yield consistently low void fraction val-

ues compared with experimental data for void fr_ ctions greater than 0.6,

whereas the present work _'ontinues to represent void fractions obtained

experimentally up to the limit of 1.0. The ana_ysis presented in refer-

ence 9 yields void fractions considerably lower <han those obtained ex-

perimentally, expecially for void fraction value s less than 0.6. The

analysis of reference l0 _hows reasonable agreement with the experimen-

tal data for void fraction,s greater than 0.7; however, at lower void

fraction values a pressure dependency is noted ihat results in calcula-

ted void fraction values either higher or lower than those obtained

experimentally.

Some investigators, including reference 9_ imply in their theories

that a basic difference exists in the flow structure in horizontal and

vertical flow. The limited experimental data a,.ailable appear to show

some evidence that this assumption is valid; however; the scatter of

the applicable data and the gross techniques usc:d in obtaining these

data are such as to preclude any final conclusions at this time. The

present work_ as well as that of reference i_ does not d_fferentiate

between horizontal and vertical flow structures. It is apparent, how-

ever, from the data shown in figures i to 6 thal the present work appears

to be applicable_ at least for operational and _:ngineering p_poses_ to

either flow structure as well as multiple channels of other thsn cir-

cular cross section (see fig. _).



CONCLUDINGREMARKS

The present work, as well as the theoretical studies referenced, does
not account for possible effects of heating rate and flow rate on the
variation of void fraction with fluid quality. A study of the experi-
mental data in references S, _ and 7, in which heat addition was used
in order to obtain two-phase flow_ suggests a grouping of the data as a
presently undetermined function of both the heating and the flow rates.
In addition, fluids with properties muchdifferent from water-steam
flow should be investigated to establish the significance of fluid
properties on the variation of void fraction with fluid quality.
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National Aeronautics and Space Administration
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